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Highlights 
 Initial pH of phosphorus stock solution played a key role on phosphorus recovery. 
 Phosphorus removal capacity was proportional to the calcium content in biochar. 
 Brushite precipitation was the main mechanism for phosphorus removal by biochar. 
 Phosphorus recovery from wastewater was greater than from P-stock solution.  
 Heavy metal leaching from Ca-doped biochar was much lower than undoped biochar. 
 
ABSTRACT 
Phosphorus (P) scarcity and eutrophication have triggered the development of new 
approaches for phosphorus recovery. This study investigated the impact of calcium-doped 
biochar, produced from biosolids via microwave pyrolysis at 700°C for 20 minutes, on 
phosphorus recovery. The phosphorus removal isotherms, removal kinetics and the impact of 
initial pH of phosphorus solution on phosphorus recovery were studied. The phosphorus 
recovery was proportional to the calcium content in biochar, leading predominantly to the 
production of brushite. Precipitation was the main mechanism of phosphorus removal by 
calcium-doped biochar. Phosphorus removal capacity of biochar reached equilibrium after 8 
                                                 













hours of contact time and was described by a pseudo-second-order kinetic model. The 
Langmuir isotherm model fitted the experimental data well with a maximum adsorption 
capacity of 147 mg-P/g for biochar BC20 (20wt% Ca(OH)2). The results of phosphorus removal 
from a real wastewater demonstrated that using Ca-doped biochar for phosphorus removal 
from contaminated streams is a promising alternative for phosphorus recovery as well as for 
biosolids management. Heavy metal leaching from Ca-doped biochar was much lower than 
from undoped biochar, and decreased as the amount of calcium in biochar increased.  
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Phosphorus (P) is a fundamental element for all living organisms, and one of the three main 
elements (phosphorus, nitrogen and potassium) in fertilisers. Currently, the phosphorus 
incorporated in industrial fertilisers is extracted from phosphate rock, which is a finite source 
of phosphorus. Economic phosphate reserves may be exhausted in the next 50 to 100 years, 
and just a few countries, such as Morocco, China and the US, control the majority of these 
phosphate reserves [1]. However, the near monopoly of the phosphate reserves by Morocco 
and the political instability in this region may affect international trade of phosphorus and 
could negatively impact on food production in phosphorus importing countries. On the other 
hand, phosphorus is also a pollutant in water streams because it triggers algae growth, 
consequently causing depletion of dissolved oxygen. Currently, eutrophication reduction has 
been achieved through the use of large amounts of Al, Ca, and Fe salts in wastewater 
treatments plants, which increases sludge production [2]. These two drivers - phosphorus 
scarcity and pollution - have created the necessity of developing new methods for phosphorus 
recovery. Phosphorus recycling is a potential solution for meeting the increased global need 
for phosphorus, while stemming flows that would otherwise cause eutrophication. Several 
approaches have been tested for phosphorus removal/recovery: crystallisation, ionic 
exchange, precipitation, adsorption, and biological phosphorus removal [3, 4].  
In the last two decades, the number of technologies for phosphorus recovery from wastewater 
streams has increased significantly. For example, in Europe the number of phosphorus 
recovery processes from wastewater was only 2 in 1998 while in 2014 it was 22 [5]. Chemical 
precipitation is a well-established method, but it is expensive due to consumption of 
chemicals. This method also produces a large amount of sludge, which creates a new 
environmental problem of sludge disposal due to pathogens, heavy metals, micro-pollutants 
and other hazardous materials in the sludge [6]. The biological method uses microorganisms 
for phosphorus removal from the liquid, which has lower operational costs compared with 
chemical precipitation, and there is no need for chemicals [7]. Crystallisation, using 
hydroxyapatite (Ca5(PO4)3OH) and struvite (MgNH4PO4), has many advantages over 
precipitation, including: lower overall costs and reduced sludge production [8, 9]. Both 
products, hydroxyapatite and struvite, are slow release fertilisers, which are potential 
substitutes for industrial fertiliser produced from phosphate rock [10]. Also, hydroxyapatite 
and struvite have low solubility in water, thereby contributing to a better and efficient use of 












Phosphorus removal using a low-cost adsorbent, such as biochar, has been gaining attention as 
a potential method for phosphorus recovery/recycling. Biochar is a porous carbon-based 
material produced from biomass waste via the pyrolysis process [11]. Recently, biochar 
produced from numerous biomass wastes, such as corn straw, pinewood, rice husk and 
sugarcane bagasse, has been studied for organic and inorganic contaminant removal from 
aqueous solutions [12, 13]. Phosphorus removal from aqueous solutions using biochar has 
been successfully explored by several researchers [14-16]. In general, unmodified biochar has 
low phosphorus removal capacity due to its negatively charged surfaces and lack of multi-
valent metal elements [14, 17]; however, the adsorption capacity of this low-cost adsorbent 
can be enhanced by chemical activation [18]. Recent studies have demonstrated that 
modifying biochar with MgO, AlOOH, Fe and Ca enhanced significantly the phosphorus 
removal capacity of biochar [4, 16, 19-21].  
The use of biochar for phosphorus removal and subsequent land application of the final 
material has several advantages. First the biochar works as a carrier for phosphorus 
compounds. Second, biochar is well known as a soil ameliorant, enhancing water retention and 
sequestering carbon, while improving plant growth [22, 23]. Third, biochar increases soil pH 
avoiding the application of agricultural lime, usually as calcite or dolomite [22]. Agricultural 
lime has severe impacts on the environment, such as contamination of ground water with Ca2+ 
due to its leaching through the soil, and CO2 emissions to the atmosphere from the 
decomposition of carbonates and production process of lime [24]. 
Doping biochar with calcium to enhance phosphorus removal has been studied by several 
researchers, but the use of calcium doped biosolids as a feedstock for biochar production for 
subsequent phosphorus recovery from phosphate solutions has not been studied yet [6, 20, 
25]. In this study, calcium hydroxide was selected as a dopant for biochar production because 
there is a need to obtain an alkaline biochar that will avoid the addition of agricultural lime to 
neutralise soil acidity, and to increase the phosphorus removal capacity of biochar [22]. The 
approach of this study may also hold favour, since wastewater treatment plants use lime to 
precipitate phosphorus and to improve sludge filterability. Therefore, this work had five main 
objectives: first, examine the impact of calcium content in biochar on phosphorus removal 
kinetics and isotherms; second study the effect of initial pH of P-stock solution on phosphorus 
removal capacity by biochar; third investigate the mechanism of phosphorus removal by 












from biochar, and fifth compare phosphorus removal capacity from a real wastewater with a 
phosphorus stock solution prepare in the laboratory .  
2. MATERIALS AND METHODS 
2.1. Biochar preparation 
Biosolids with approximately 40% moisture content were collected from clay settling ponds at 
the Euroa wastewater treatment facility in Victoria, Australia. These biosolids were blended in 
a grinder with varying amounts of calcium hydroxide (Ca(OH)2) and 10% (dry basis of biosolids) 
of activated carbon, which acts as a microwave susceptor. To obtain mixtures with comparable 
pyrolysis behaviour, water was added to the calcium hydroxide mixtures to maintain the same 
water content across all samples (40% moisture content). Subsequently, these mixtures (80.0 ± 
0.5g) were microwave pyrolysed at 700°C for 20 minutes. The microwave assisted pyrolysis 
(MWAP) experiments were carried out in a custom made single-mode microwave chamber fed 
from a 2.45 GHz microwave generator [26]. The applied microwave power was 720 W until the 
temperature set-point (700°C) was reached and then manually adjusted to keep the 
temperature constant for 20 minutes. The temperature was measured by a shielded type K 
thermocouple placed in the middle of the sample. Nitrogen (99.9% purity) with a flow rate of 
11 L/min was used to keep an inert atmosphere during the pyrolysis process and to elute 
pyrolysis off-gasses from the chamber. 
To examine the impact of calcium content in biochar on phosphorus removal, four samples of 
biosolids doped with differing amounts of calcium hydroxide (0, 7, 11 and 20%) undergoing 
microwave assisted pyrolysis as described above. Biochar samples were named according to 
the initial calcium hydroxide content in biosolids, for example BC20 means that this biochar 
contains 20% of Ca(OH)2. 
2.2. Biochar characterisation 
The chemical composition of the biochar samples was determined by inductively coupled 
plasma - mass spectrometry (ICP-MS), using a Varian 820-MS Mass Spectrometer. Prior to ICP-
MS measurements, biochar samples were microwave digested using hydrogen peroxide and 
nitric acid. The electrical conductivity (EC) and pH of the biochar samples were measured using 
an Orion model 5 Star pH plus conductivity meter. These measurements were carried out in 












water. Specific surface area and pore size were determined by nitrogen sorption isotherms 
using a Micromeritics TriStar 3000 gas adsorption analyser. Morphology and qualitative 
analysis of chemical composition of biochar samples were performed by a scanning electron 
microscopy connected to energy dispersive spectrometer (SEM-EDS) model Jeol JXA8200. Also, 
X-ray diffraction (XRD) was carried out to identify crystalline phases in the biochar before and 
after phosphorus removal using a Bruker Phaser D2 X-ray Powder Diffractometer (Cu 
radiation).  
2.3. Phosphorus removal capacity  
Synthetic phosphate solutions (or P-stock solutions) with concentrations between 100 to 1500 
mg-P/L were prepared by dissolving potassium dihydrogen phosphate (KH2PO4) in single 
distilled water. The initial pH of the phosphate solutions was 4.5 ±0.1. The phosphate removal 
experiments were carried out in batch at room temperature (22°C ± 2°C). One gram of biochar 
(particle size less than 450 μm) was added to 100 ml of phosphate stock solution and the 
mixture was stirred continuously using a magnetic stirrer at 350 RPM for different contact 
times (1 to 30 hours). The solution was then filtered using a 0.2-μm membrane, and the 
elemental phosphorus and calcium concentrations of the supernatant were analysed by 
inductively coupled plasma atomic emission spectrometer (ICP-AES). The pH of the 
supernatant was also measured while the solid portion was dried at 100°C then analysed by 
XRD.  
Two replicates of each experiment were carried out. When the deviation of these two 
experiments was higher than 5%, additional replicates were performed. The final results 
presented are the average of these values. A mass balance was performed to calculate the 
phosphorus removal capacity of each biochar sample. The specific phosphorus removal 






The phosphorus removal percentage (%) was calculated with equation (2): 
% Phosphorus removal = 
(C0- Ce)
C0












where, C0 (mg/L) is the initial concentration of the P-stock solution, Ce (mg/L) is the equilibrium 
concentration of the supernatant after phosphorus removal, V (L) is the volume of P-stock 
solution and m (g) is the mass of biochar. 
Statistical analyses were conducted with Minitab 17. The impact of calcium concentration in 
biochar and the initial pH of the P-stock solution on phosphorus removal by biochar were 
analysed by two-way analysis of variance (ANOVA). In this study, differences were considered 
statistically significant when p < 0.05. 
2.4. Heavy metal leaching 
The heavy metal leaching from biochar and biosolids was assessed based on the method 1311 
– Toxicity characteristic leaching procedure (TCLP) [27]. In this study, 5 g of solid material was 
used instead of 100 g as suggested by the method 1311, but the solid: extraction fluid ratio 
was kept as 1:20. The pH of all samples (biosolids and biochar) was above 5; therefore, just one 
extraction fluid was prepared. The extraction fluid was prepared by diluting 5.7 ml of acetic 
acid with distilled water to a volume of 1 L; the pH of extraction fluid was measured and equal 
to 2.88 ± 0.05. A quantity of solid material (5 g) was placed in an extraction vessel (pyrex) and 
100 ml of the extraction fluid was added. The mixture was rotary agitated for 18 ± 1 h at room 
temperature (23 ± 2°C). Subsequently, the mixture was filtered using a 0.45-μm membrane 
and the heavy metal concentration in the supernatant was analysed by ICP-MS. 
3. RESULTS AND DISCUSSION 
3.1. Biochar characterisation 
The main characteristics of biochar are presented in Table 1. The calcium content measured by 
ICP-MS is in line with the mass balance, where the difference between calcium calculated and 
measured was less than 4%. This agreement between the values suggests that no calcium 
hydroxide or other calcium compounds were volatilised during experiments. The percentages 
of Mg (less than 0.24%), Al and Fe (Table 1) were also measured since these elements can 
affect the phosphorus removal capacity of biochar. The XRD (Figure 6) of biochar samples 
revealed that quartz (SiO2) is the main crystalline phase of biochar, which is also the main 
crystalline compound in biosolids. The XRD of BC0 biochar only exhibited quartz; no calcium 
was added before pyrolysis. The BC7 and BC11 biochar samples contained quartz and calcite 












hydroxide (Ca(OH)2). The formation of calcite was due to the inert pyrolytic atmosphere, 
where calcium hydroxide reacts with carbon dioxide produced from biosolids during the 
pyrolysis process. 
The BET of biochar was in line with the literature and did not vary significantly with calcium 
content, hence, its impact on phosphorus removal was neglected [11]. Also, the pore size 
(around 8 nm) and the total volume of pores (TVP) are similar across biochar samples. The four 
biochar samples exhibited an alkaline tendency, with pH ranging between 7.6 and 10.2. The pH 
and EC increased with the percentage of calcium in the biochar likely due the dissolution of 
calcium in deionised water, which increased with the calcium percentage as presented in Table 
1. 
Table 1 – Biochar composition, specific surface area, pore size and pore volume. 
 BC0 BC7 BC11 BC20 
Ca(OH)2 loaded to (dry basis) 
biosolids (wt%)* 
0 7 11 20 
Ca (%) 0.65 ± 0.01 4.06 ± 0.03 6.99 ± 0.01 11.52 ± 0.05 
Al (%) 6.18 ± 0.03 6.83 ± 0.03 6.54 ± 0.03 5.94 ± 0.02 
Fe (%) 1.76 ± 0.01 1.87 ± 0.01 1.78 ± 0.01 1.63 ± 0.01 
pH 7.54 ± 0.03 7.98 ± 0.02 9.22 ± 0.01 10.22 ± 0.02 
EC (μS/cm) 888  ±10 1304 ± 5 1555 ± 8 1718 ± 17 
BET (m2/g) 53.55 ± 2.59 48.63 ± 1.42 50.73 ± 0.22 54.40 ± 0.75 
TVP (cm3/g) 0.135 ± 0.012 0.125 ± 0.008 0.132 ± 0.009 0.142 ± 0.003 
Mean pore size (nm) 8.074 ± 0.437 7.885 ± 0.319 7.872 ± 0.475 8.161 ± 0.073 
SEM-EDS was performed to observe the particle morphology of the resultant biochar, and to 
understand the calcium distribution in the biochar particles. The SEM observation showed 
biochar particles of irregular shape and with a porous surface, which may enhance P-removal. 
Several SEM-EDS analyses were carried out on different particles of each sample, 
demonstrating that the calcium was uniformly distributed in biochar particles in all samples 



















Figure 1 – SEM-EDS mapping of biochar samples: (1) Biochar without lime addition (BC0) and 
(2) biochar produced from biosolids loaded with 11% lime (BC11).  
3.2. Phosphorus removal kinetics 
The impact of contact time (up to 30 hours) on phosphorus adsorption was examined, with the 
results showing that the phosphorus adsorption increased rapidly until 8 hours and after this it 
was almost constant (Figure 2 and Table 2). The adsorption rate of these biochar samples was 
similar to other modified biochars [6, 15]. The results show that adsorption rate increased with 
the percentage of calcium in biochar, which was expected due to the anticipated increase of 













Figure 2 – Phosphorus removal kinetics of biochar. 
To understand the phosphorus removal kinetic mechanism, the three most common models 
used to describe phosphorus adsorption from an aqueous solution were used to analyse the 
experimental data: pseudo-first-order, pseudo-second-order and intra-particle diffusion which 
are described by the linear equations (3), (4) and (5) respectively. 











𝑄𝑡 =  𝑘𝑖𝑑 𝑡
1
2⁄ + 𝐶 (5) 
where Qe (mg/g) is the phosphorus removal capacity at equilibrium, Qt (mg/g) represents the 
phosphorus uptake at time t, k1 (h-1), k2 (g/mg h) and kid (g/(mg.h1/2)) are the rate constants. 
The results (Table 2 and Figure 2) show that the pseudo-second-order kinetic model (R2 > 0.96) 
fits the experimental data better than the pseudo-first-order kinetic model (0.62 < R2 < 0.96) 
and intra-particle diffusion kinetic model (R2 < 0.83), which indicates that the phosphorus 
removal process is likely controlled by multiple mechanisms. However, until reaching the 












square root of time, which suggests an intra-particle diffusion mechanism (R2 > 0.92). This 
mechanism is commonly observed in solid-liquid systems, where the intra-particle diffusion is 
the rate-limiting mechanism. After 8 hours of contact time, equilibrium has been essentially 
achieved and the phosphorus removal rate decelerates due to the lower concentration of Ca2+ 
in the solution.  
The phosphorus removal process by biochar was mainly due to chemical bonding or 
chemisorption involving sharing electrons between phosphate ionic species and Ca-doped 
biochar as described by the equation (6). The high concentration of Ca2+ and high pH of the 
solution are fundamental for precipitation as brushite. 
𝐶𝑎2+ +  𝐻𝑃𝑂4
2− + 2𝐻2𝑂 → 𝐶𝑎𝐻𝑃𝑂4. 2𝐻2𝑂(𝑠) (6) 
The chemical reaction between calcium and phosphorus species was the main chemical 
reaction as demonstrated by XRD spectrum after phosphorus removal (Figure 6), but other 
ionic elements, such as aluminium, iron and magnesium may react with phosphates, 
particularly in the case of biochar BC0. The phosphorus removal capacity of the biochar BC0 is 
around 10 mg-P/L, but when the aluminium, iron and magnesium were removed with an HCl 
solution the adsorption capacity was nearly zero (explained in section 3.4). 
Table 2 – Phosphorus removal kinetic parameters for the four biochar samples. 








































































3.3. Phosphate adsorption isotherms 
Phosphate adsorption isotherm experiments were carried out working with P-stock solution 
with concentrations between 100 mg-P/L and 1500 mg-P/L. The reaction time was 24 hours for 
all the tests. Two isotherm models were fitted to the experimental results: Langmuir and 








n⁄  (8) 
The model constants (KF (L/g)1/n and KL (L/g)) represent the adsorption capacity, the Freundlich 
exponent (n) characterises the adsorption intensity and Qm (mg/g) represents the monolayer 
adsorption capacity. The model parameters for both Langmuir and Freundlich models are 
presented in Table 3, which show that the Langmuir model fits the experimental data better 
(R2 > 0.98) than the Freundlich model (R2 > 0.94). For this reason, only the Langmuir model and 
experimental data are shown in Figure 3. The Langmuir maximum adsorption capacity of 
phosphorus adsorption increased with increasing calcium content in biochar, reaching a 














Figure 3 – Phosphorus adsorption isotherm of biochar samples with Langmuir model 
superimposed. 
To confirm that the Langmuir isotherm was favourable, a dimensionless constant called the 






where KL (L/mg) is the Langmuir constant and C0 is the initial highest (1500 mg-P/L) 
concentration of P-stock solution. When 0 < RL < 1 means favourable adsorption while RL > 1 
shows unfavourable adsorption, and RL = 1 indicates linear adsorption [28]. The values of RL 
obtained in this study were between 0.18 and 0.47 (Table 3), which indicates that the 
Langmuir isotherm was favourable for phosphorus adsorption by biochar. Moreover, all the 
values for 1/n were below one, which confirmed a normal Langmuir isotherm [29]. In general, 
the Freundlich constant (KF) increased with the calcium content, which confirms the increase 
of the adsorption intensity of the biochar due to the chemical reaction between phosphate 
ions and Ca2+. 
Table 3 – Isotherm parameters of phosphorus removal by biochar samples. 














































3.4. Impact of initial pH of P-stock solution on phosphorus removal 
To assess the impact of the initial pH of P-stock solution on phosphorus removal, the four 












phosphorus removal and final pH of the supernatant are shown in Figure 4 and Figure 5. The 
results suggest that the initial pH of the P-stock solution has a strong effect on phosphorus 
removal by biochar, with a maximum phosphate removal capacity at pH 4 of 29 and 36 mg-P/g 
of biochar for BC0 and BC7, respectively. While BC0 and BC7 samples had a phosphorus 
removal capacity peak at pH 4, the samples BC11 and BC20, which have a higher alkaline 
property, can be used in a large range of pH with similar phosphorus removal capacity, as seen 
in Figure 4. The maximum phosphate removal capacity of BC11 and BC20 biochar was 
approximately 50 and 79 mg-P/g of biochar (at initial pH 3), respectively. The BC20 biochar 
demonstrated a higher phosphate removal capacity, which represented a rise of more than 
270% compared with the BC0 biochar. This difference in phosphate removal capacity can be 
explained because this sample contained a higher calcium concentration, which is soluble in 
acidic solutions, and the alkaline property of this biochar increased the final pH of the mixture, 
which is fundamental for calcium phosphate precipitation [30]. As the calcium content 
increases in the biochar samples, the pH range of high phosphate removal capacity enlarged 
because these biochar samples increased the final pH of the solution fundamental for 
precipitation. For example, biochar BC0 had the highest P-removal at pH 4 and this P-removal 
capacity declined significantly above or under this pH, whereas biochar BC20 could be used in 
a broad pH range (from pH 2 to 6) with similar P-removal efficiency.  
 












The initial pH of the phosphorus stock solution impacts on calcium compounds solubility, but 
also defines the phosphate species in solution. The orthophosphate species change with pH, as 




3− [31].Phosphorus recovery capacity was maximised at pH 4 because the acid 
solution dissolves calcium compounds leaving Ca2+ ions free for complexation with phosphate 
species. The biochar increased the initial pH of the phosphorus solution to 5.5 (BC0), 6.1 (BC7), 
6.5 (BC11) and 7.2 (BC20), as can be observed in Figure 5. In this pH range, H2PO4- is the 
predominant phosphate ion in solution, which is fundamental for brushite formation and 
explains the reason for the highest phosphate removal capacity.  
 
Figure 5 – Final pH of supernatant after 24 hours of reaction time of biochar with P-stock 
solution with different pH. 
The calcium compounds also have an impact on phosphorus removal. Calcium hydroxide 
(solubility product: 5.5x10-6) exhibits high solubility compared with calcium carbonate 
(solubility product: 2.9x10-9) [30]. Higher calcium hydroxide percentages increase the 
concentration of calcium ions in the solution, which contributes to calcium phosphate 
precipitation increasing the phosphate removal capacity. Acidic conditions are the best for this 
process as the solubility of the calcium compounds is high and the Ca2+ ions are released into 
the solution where they complex with the HPO42- ions before the alkaline biochar increases the 












was obtained by the BC20 biochar, which contained calcium hydroxide and was the most 
alkaline biochar (Figure 5).  
XRD analysis was carried out before and after phosphorus removal to identify the crystalline 
phases in the biochar. These results are represented in Figure 6, where each graph comprises a 
spectrum of biochar before P-removal tests and two spectrums after P-adsorption, which 
correspond to the conditions of minimum and maximum phosphorus removal capacity. The 
main phase presented in all biochar samples before phosphorus removal was quartz (SiO2), 
which is also the main crystalline compound in biosolids. However, after phosphorus removal 
brushite was the predominant phase for BC11 and BC20 samples.  
 
Figure 6 – XRD spectrum of the four biochar samples before and after phosphorus removal 
tests (B – Brushite, Q – Quartz, C – Calcite) (Biochar – before test; pH=2, 3, 4 and 12 – after 
adsorption). 
After the phosphorus removal tests, new peaks appeared in the XRD spectrum, which 
correspond to brushite, known as calcium hydrogen phosphate dihydrate (CaHPO4·2H2O). 












identified by XRD, such as hydroxyapatite (HAP – Ca5OH(PO)4) and octacalcium phosphate 
(OCP – Ca8H2(PO4)6·5H2O) may precipitate in small amounts depending on the pH of the 
solution, concentration of H2PO4- and HPO42- species and the ratio Ca/P [32, 33]. However, 
brushite is the most thermodynamically stable phase relative to other calcium compounds at 
room temperature and in lower pH region, where Ca2+ reacts with H2PO4- producing brushite as 
demonstrated by XRD [34].  
To quantify the phosphate adsorption of biochar alone, the biochar BC0 was treated with HCl 
(1M) to remove Al, Fe, Ca and Mg. The treated biochar was tested with a P-stock solution, and 
the phosphorus removal capacity was nearly zero. These results and the brushite presence in 
biochar after phosphorus removal tests confirm that precipitation is the key mechanism for 
phosphorus removal by Ca-doped biochar. The XRD spectrums of BC0, BC7 and BC11 after P-
removal at pH = 2 do not indicate brushite, so low pH appears crucial to the release of Ca2+, but 
a higher Ca2+ concentration and high final pH are required for brushite precipitation. The BC20 
biochar after P-removal contained a substantial amount of brushite, which can be explained by 
the higher Ca2+ concentration in solution and the higher final pH of the solution, which 
represent the necessary conditions for brushite precipitation. These XRD results are in line 
with the mass balance. At lower pH, the phosphorus removal capacity was very low for 3 
samples (BC0, BC7, BC11) of biochar and no brushite was identified in XRD spectrums. At pH 4, 
the phosphorus removal capacity was 29, 36, 50 and 79 mg-P/g of biochar for BC0, BC7, BC11 
and BC20, respectively, with all four samples containing brushite after P-removal tests. The 
sample BC20 was less affected by acid pH due to its alkaline property (see Figure 3), and 
because of the high calcium concentration, which favours precipitation. At pH 12, the XRD 
spectrum of BC20 did not exhibit any brushite, since Ca2+ at this pH was not released from 
calcium compounds into the solution. This shows the importance of calcium dissolution on the 
phosphorus removal process. 
A mass balance was conducted to determine the maximum phosphorus removal capacity of 
biochar, assuming that brushite is the main precipitated compound, and the calcium content 
within biochar obtained by ICP-MS (Table 1). The phosphorus removal capacity calculated and 
obtained were similar for biochar samples BC7 and BC11. However, the phosphorus removal 
capacity of BC0 was much higher than the value calculated (at pH=4 the Qe obtained was 28.7 
mg-P/g versus estimated 5.0 mg-P/g (only the Ca content was used to calculate the Qe)). This 
difference is very likely attributed to the Al, Fe and Mg content of the biochar, which can be 












phosphorus removal capacity of BC20 was lower than the value calculated (obtained at pH 3: 
78.6 mg-P/L, estimated 89.0 mg-P/L), which can be attributed to the significant presence of 
calcite, which is less soluble, and also because some of the calcium remains dissolved in the 
solution and does not precipitate. In this case, the calcium dissolved in the supernatant was 
19.9 mg/L, and considering this value for the mass balance, the phosphorus removal obtained 
and estimated had a good agreement (obtained 78.6 mg-P/L, estimated 73.6 mg-P/L).  
The statistical significance was analysed by ANOVA, which demonstrated that both factors 
(initial pH of P-stock solution and percentage calcium in biochar) and their interactions are 
significant relevant to phosphorus removal capacity (p < 0.05) with high F-values. Regression 
analysis of the experimental data was carried out to obtain an equation to predict the 
phosphorus removal capacity based on pH and percentage of calcium. The phosphorus 
removal capacity (Qe) can be calculated from the equation (10): 
𝑄𝑒 = 21.87 + 4.75𝐶𝑎 − 2.76𝑝𝐻 (10) 
where Ca is the weight percentage of calcium in biochar and pH represents the initial pH of 
phosphorus stock solution. This fitting model describes well the experimental data (R2 = 0.85). 
The percentage of calcium is the dominant factor as it determines the concentration of Ca2+ in 
solution, but the initial pH is also important due do its impact on concentration and ionic 
phosphate species. This equation can be useful in the future to estimate the conditions to 
optimise the phosphorus removal capacity as well as predict operating costs. 
This study was carried out with P-stock solutions prepared in the laboratory because they are 
available, controllable and safe. However, it is crucial to compare the phosphate removal 
behaviour of the biochar with P-stock solution and with a real effluent to understand the 
applicability of these results to the real world. For this purpose, the four samples of biochar 
were tested using both solutions with phosphorus concentrations of 400 mg-P/L and pH 6.0 
(these are the characteristics of the effluent collected from a local wastewater treatment 
plant). One gram of biochar was added to 100 ml of solution and agitated continuously for 24 
hours. The phosphorus removal percentage was calculated according to equation (2) and is 
represented in Figure 7. The biochar phosphorus removal percentage was higher with the real 
effluent than with the P-stock solution, which is a good outcome, as all the experiments 
carried out with a P-stock solution can be reproduced in a real world with even better results. 












higher final pH of the mixture due to biochar, inducing precipitation of phosphorus with co-
existing cations in wastewater, such as, Ca (50.3 mg/L), K (87.8 mg/L) and Mg (119 mg/L). Also, 
the 𝑁𝐻4
+ (39.7 mg/L) content in wastewater buffers the pH to 9 increasing precipitation of 
phosphorus compounds. 
 
Figure 7 – Phosphorus removal by biochar from an effluent and P-stock solution. 
3.5. Heavy metal leaching from biosolids and biochar 
The heavy metal leaching from biosolids and biochar tested with TCLP method revealed that a 
small amount of heavy metals can leach from both biosolids and biochar materials (Table 4). 
The results demonstrate that calcium hydroxide addition to biosolids before pyrolysis reduced 
significantly the heavy metal leaching from biochar in particular copper and zinc. The zinc 
leaching from biochar with 20% of Ca(OH)2 was 100 times less than from the biosolids and 70 
times less than the biochar produced without Ca(OH)2. The Pb leaching was slightly higher 
from biochar from biosolids, 16% compared with 11%, likely due to the elimination of 
carboxylic groups during the pyrolysis process.  
The immobilisation of copper and zinc was achieved by formation of new carbonate 
compounds with calcium carbonate in biochar, such as, CuCaCO3, CuCO3, ZnCaCO3 and ZnCO3. 
When the zinc carbonates are in contact with water they may form a new compound 
Zn5(OH)6(CO3)2 with higher stability. Higher calcite content in biochar lower zinc leaching due 












researchers, calcium carbonate can be a good adsorbent for heavy metals minimising leaching 
through the soil and groundwater [20].  














Biosolids 0.40 0.22 6.96 1.89 2.70 205.60 884.40 
BC0 0.80 BDL 0.68 BDL 3.20 140.60 783.00 
BC7 0.78 BDL 0.62 BDL 3.75 47.20 136.40 
BC11 0.76 BDL 0.39 BDL 3.73 20.60 73.60 
BC20 0.80 BDL 0.32 BDL 3.71 2.80 13.60 
BDL – Below detection limit. 
The aluminium leaching from biosolids and from biochar produced without calcium hydroxide 
was similar and approximately 800 mg/kg (Table 4). However, the aluminium leaching reduced 
significantly from biochar produced from biosolids mixed with calcium hydroxide, even a small 
amount of calcite reduced the Al leaching six-fold. The biochar sample produced from biosolids 
blended with 20% of Ca(OH)2 had the lowest Al leaching of 13.6 mg/kg corresponding to 0.02% 
of the total aluminium content in the biochar. The reduction of aluminium leaching with calcite 
is mainly due to the formation of calcium aluminates and due to the buffering capacity of 
calcite. Adding calcium hydroxide to biosolids and then pyrolyse the mixture seems to be a 
promising solution to decrease heavy metal and aluminium leaching from biochar while 
increases the pH of soil avoiding application of agricultural lime.  
4. CONCLUSIONS 
Using biochar produced from biosolids via MWAP is an effective approach for phosphorus 
recycling from aqueous solutions. This study demonstrated that Ca-doped biochar enhances 
phosphorus removal capacity due to the increase of the precipitation process, which is the 
main mechanism of phosphorus removal. The adsorption results fitted well with the Langmuir 
isotherm model and pseudo-second-order kinetic model. The initial pH of the phosphorus 
stock solution plays a key role on phosphorus removal capacity: a pH of 4 maximises the 
phosphorus removal capacity. The aluminium and heavy metal leaching from biochar is 
significantly lower than from biosolids, and calcite in biochar reduces both aluminium and 












produced from biosolids is a sustainable and environmental approach for phosphorus recycling 
as well as for biosolids management.  
ACKNOWLEDGMENTS 
The authors acknowledge the Smart Water funding (10OS – 018). EA is grateful to the APA 














[1] D. Cordell, J.-O. Drangert, and S. White, "The story of phosphorus: global food security 
and food for thought," Global environmental change, vol. 19, pp. 292-305, 2009. 
[2] L. E. De-Bashan and Y. Bashan, "Recent advances in removing phosphorus from 
wastewater and its future use as fertilizer (1997–2003)," Water research, vol. 38, pp. 
4222-4246, 2004. 
[3] B. E. Rittmann, B. Mayer, P. Westerhoff, and M. Edwards, "Capturing the lost 
phosphorus," Chemosphere, vol. 84, pp. 846-53, Aug 2011. 
[4] Y. Zhang, E. Desmidt, A. Van Looveren, L. Pinoy, B. Meesschaert, and B. Van der 
Bruggen, "Phosphate separation and recovery from wastewater by novel 
electrodialysis," Environmental science & technology, vol. 47, pp. 5888-5895, 2013. 
[5] S. Hukari, L. Hermann, and A. Nättorp, "From wastewater to fertilisers—Technical 
overview and critical review of European legislation governing phosphorus recycling," 
Science of The Total Environment, vol. 542, pp. 1127-1135, 2016. 
[6] C. Fang, T. Zhang, P. Li, R. Jiang, S. Wu, H. Nie, et al., "Phosphorus recovery from biogas 
fermentation liquid by Ca–Mg loaded biochar," Journal of Environmental Sciences, vol. 
29, pp. 106-114, 2015. 
[7] A. Oehmen, P. C. Lemos, G. Carvalho, Z. Yuan, J. Keller, L. L. Blackall, et al., "Advances 
in enhanced biological phosphorus removal: from micro to macro scale," Water 
research, vol. 41, pp. 2271-300, Jun 2007. 
[8] L. Shu, P. Schneider, V. Jegatheesan, and J. Johnson, "An economic evaluation of 
phosphorus recovery as struvite from digester supernatant," Bioresource Technology, 
vol. 97, pp. 2211-6, Nov 2006. 
[9] H. Dai, X. Lu, Y. Peng, H. Zou, and J. Shi, "An efficient approach for phosphorus 
recovery from wastewater using series-coupled air-agitated crystallization reactors," 
Chemosphere, vol. 165, pp. 211-220, 2016. 
[10] S. Kataki, H. West, M. Clarke, and D. C. Baruah, "Phosphorus recovery as struvite from 
farm, municipal and industrial waste: Feedstock suitability, methods and pre-
treatments," Waste Management, vol. 49, pp. 437-454, 2016. 
[11] M. Ahmad, A. U. Rajapaksha, J. E. Lim, M. Zhang, N. Bolan, D. Mohan, et al., "Biochar as 
a sorbent for contaminant management in soil and water: a review," Chemosphere, 
vol. 99, pp. 19-33, 2014. 
[12] D. Mohan, A. Sarswat, Y. S. Ok, and C. U. Pittman, "Organic and inorganic contaminants 
removal from water with biochar, a renewable, low cost and sustainable adsorbent–a 
critical review," Bioresource technology, vol. 160, pp. 191-202, 2014. 
[13] E. Antunes, M. V. Jacob, G. Brodie, and P. A. Schneider, "Silver removal from aqueous 
solution by biochar produced from biosolids via microwave pyrolysis," Journal of 
Environmental Management, vol. 203, pp. 264-272, 2017. 
[14] Y. Yao, B. Gao, M. Inyang, A. R. Zimmerman, X. Cao, P. Pullammanappallil, et al., 
"Biochar derived from anaerobically digested sugar beet tailings: characterization and 
phosphate removal potential," Bioresource technology, vol. 102, pp. 6273-6278, 2011. 
[15] M. Zhang and B. Gao, "Removal of arsenic, methylene blue, and phosphate by 













[16] M. Zhang, B. Gao, Y. Yao, Y. Xue, and M. Inyang, "Synthesis of porous MgO-biochar 
nanocomposites for removal of phosphate and nitrate from aqueous solutions," 
Chemical Engineering Journal, vol. 210, pp. 26-32, 2012. 
[17] K. A. Krishnan and A. Haridas, "Removal of phosphate from aqueous solutions and 
sewage using natural and surface modified coir pith," Journal of Hazardous Materials, 
vol. 152, pp. 527-535, 2008. 
[18] C. Takaya, L. Fletcher, S. Singh, U. Okwuosa, and A. Ross, "Recovery of phosphate with 
chemically modified biochars," Journal of Environmental Chemical Engineering, vol. 4, 
pp. 1156-1165, 2016. 
[19] B. Chen, Z. Chen, and S. Lv, "A novel magnetic biochar efficiently sorbs organic 
pollutants and phosphate," Bioresource technology, vol. 102, pp. 716-23, Jan 2011. 
[20] L. Dai, F. Tan, H. Li, N. Zhu, M. He, Q. Zhu, et al., "Calcium-rich biochar from the 
pyrolysis of crab shell for phosphorus removal," Journal of Environmental 
Management, vol. 198, pp. 70-74, 2017. 
[21] P. Devi and A. K. Saroha, "Synthesis of the magnetic biochar composites for use as an 
adsorbent for the removal of pentachlorophenol from the effluent," Bioresource 
technology, vol. 169, pp. 525-531, 2014. 
[22] S. P. Galinato, J. K. Yoder, and D. Granatstein, "The economic value of biochar in crop 
production and carbon sequestration," Energy Policy, vol. 39, pp. 6344-6350, 2011. 
[23] J. L. Field, C. M. Keske, G. L. Birch, M. W. DeFoort, and M. F. Cotrufo, "Distributed 
biochar and bioenergy coproduction: a regionally specific case study of environmental 
benefits and economic impacts," GCB Bioenergy, vol. 5, pp. 177-191, 2013. 
[24] T. O. West and A. C. McBride, "The contribution of agricultural lime to carbon dioxide 
emissions in the United States: dissolution, transport, and net emissions," Agriculture, 
Ecosystems & Environment, vol. 108, pp. 145-154, 2005. 
[25] Y. Yao, B. Gao, J. Chen, and L. Yang, "Engineered biochar reclaiming phosphate from 
aqueous solutions: mechanisms and potential application as a slow-release fertilizer," 
Environmental science & technology, vol. 47, pp. 8700-8708, 2013. 
[26] E. Antunes, J. Schumann, G. Brodie, M. V. Jacob, and P. A. Schneider, "Biochar 
produced from biosolids using a single-mode microwave: Characterisation and its 
potential for phosphorus removal," Journal of Environmental Management, vol. 196, 
pp. 119-126, 2017. 
[27] U. EPA, "EPA Method 1311-Toxicity Characteristic Leaching Procedure," in United 
States Environmental Protection Agency, Washington DC, ed, 1992. 
[28] S. Fan, Y. Wang, Z. Wang, J. Tang, J. Tang, and X. Li, "Removal of methylene blue from 
aqueous solution by sewage sludge-derived biochar: Adsorption kinetics, equilibrium, 
thermodynamics and mechanism," Journal of Environmental Chemical Engineering, 
vol. 5, pp. 601-611, 2017. 
[29] B. Hameed, A. M. Din, and A. Ahmad, "Adsorption of methylene blue onto bamboo-
based activated carbon: kinetics and equilibrium studies," Journal of hazardous 
materials, vol. 141, pp. 819-825, 2007. 
[30] J. Chen, H. Kong, D. Wu, X. Chen, D. Zhang, and Z. Sun, "Phosphate immobilization 
from aqueous solution by fly ashes in relation to their composition," Journal of 












[31] E. Yildiz, "Phosphate removal from water by fly ash using crossflow microfiltration," 
Separation and Purification Technology, vol. 35, pp. 241-252, 2004. 
[32] S. Lu, S. Bai, L. Zhu, and H. Shan, "Removal mechanism of phosphate from aqueous 
solution by fly ash," Journal of Hazardous Materials, vol. 161, pp. 95-101, 2009. 
[33] S. Arifuzzaman and S. Rohani, "Experimental study of brushite precipitation," Journal 
of Crystal Growth, vol. 267, pp. 624-634, 2004. 
[34] R. E. Wuthier, G. S. Rice, J. E. Wallace Jr, R. L. Weaver, R. Z. LeGeros, and E. D. Eanes, 
"In vitro precipitation of calcium phosphate under intracellular conditions: formation 
of brushite from an amorphous precursor in the absence of ATP," Calcified tissue 
international, vol. 37, pp. 401-410, 1985. 
 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
